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a b s t r a c t
Low impact development (LID) is generally regarded as a more sustainable solution for urban stormwater
management than conventional urban drainage systems. However, its effects on urban ﬂooding at a scale
of urban drainage systems have not been fully understood particularly when different rainfall charac-
teristics are considered. In this paper, using an urbanizing catchment in China as a case study, the effects
of three LID techniques (swale, permeable pavement and green roof) on urban ﬂooding are analyzed and
compared with the conventional drainage system design. A range of storm events with different rainfall
amounts, durations and locations of peak intensity are considered for holistic assessment of the LID
techniques. The effects are measured by the total ﬂood volume reduction during a storm event compared
to the conventional drainage system design. The results obtained indicate that all three LID scenarios are
more effective in ﬂood reduction during heavier and shorter storm events. Their performance, however,
varies signiﬁcantly according to the location of peak intensity. That is, swales perform best during a
storm event with an early peak, permeable pavements perform best with a middle peak, and green roofs
perform best with a late peak, respectively. The trends of ﬂood reduction can be explained using a newly
proposed water balance method, i.e., by comparing the effective storage depth of the LID designs with
the accumulative rainfall amounts at the beginning and end of ﬂooding in the conventional drainage
system. This paper provides an insight into the performance of LID designs under different rainfall
characteristics, which is essential for effective urban ﬂood management.
 2013 Published by Elsevier Ltd.
1. Introduction
Urban drainage systems are generally designed to drain surface
runoff from urban areas (e.g. paved streets, parking lots, sidewalks
and roofs) during storm events. However, excess stormwater
exceeding the drainage capacity can cause urban ﬂooding and
result in trafﬁc interruption, economic loss, pollution and health
issues. An increase in impervious land cover leads to more surface
runoff, faster runoff concentration and higher peak ﬂow rate. Thus
there is an increasing need to improve drainage capacity to reduce
ﬂooding in rapidly urbanizing areas.
Traditionally, the improvement of drainage capacity relies on
expanding and upgrading the existing storm drainage system.
However, this has been increasingly proven to be unsustainable,
costly and even impractical, particularly in densely urbanized areas.
Many new stormwater management techniques have been devel-
oped to tackle the urban runoff problem, such as green roofs,
permeable pavements, swales, bioretention systems. Collectively
these techniques have been termed Low Impact Development (LID)
in US (or Sustainable Drainage Systems in UK or Water Sensitive
Urban Design in Australia). Generally speaking, these techniques
rely on distributed runoff management measures that seek to
control stormwater by reducing imperviousness and retaining,
inﬁltrating and reusing stormwater on the development site where
it is generated (Graham et al., 2004). LID has been recommended as
an innovative solution for stormwater management (Andoh and
Declerck, 1997; Montalto et al., 2007; Palhegyi, 2009).
The hydrological performance of the LID techniques has been
studied on a laboratory and pilot scale as well as an in-situ full scale.
For example, Dietz (2007) reported that a green roof can reduce
60e70% of stormwater volume compared to a conventional roof.
Alfredo et al. (2010) found that green roofs can delay and prolong
the roof discharge and reduce its peak rate by 30e78% compared
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to a standard roof surface. Abbott and Comino-Mateos (2003)
measured the outﬂow from a car park with a permeable pavement
system and found that on average, only 22.5% of runoff leaves the
system during a storm, and that a 2-h storm event takes two days to
drain out of the system. Fassman and Blackbourn (2010) found that
the peak ﬂow from a permeable pavement underdrain is less ﬂashy
and tends to show less variation overall than that from asphalt
surface during storms. Chapman and Horner (2010) reported that a
street-side bioretention facility in Washington can achieve 26e52%
of runoff retention in real-weather conditions.
Further studies indicated that the LID performance on runoff
control is signiﬁcantly different in the storms with different rainfall
intensities. Lee et al. (2012) found that the use of LID facilities in a
demonstration district of AsanTangjung New Town can reduce the
ﬂood peak discharges of 50- and 100-year return periods by about
7e15% at a wider catchment scale. Holman-Dodds et al. (2003)
monitored disconnected impervious areas and recorded reduced
runoff at the site, as compared to traditional development. The
greatest reduction was observed for small, relatively frequent
rainfall events. Hood et al. (2007) compared runoff volume, peak
discharge, and runoff coefﬁcient of low impact residential devel-
opment with traditional residential development in Waterford,
Connecticut. The study showed that the effects of LID on runoff
reduction were greater for smaller storms with shorter durations.
Damodaram et al. (2008) used a hydrologic model to estimate the
effects of LID choices on the stream ﬂow of a wastershed located on
the campus of Texas A&MUniversity, Texas, and they found that LID
is able to control stormwater for small storms, whereas LID is not
nearly as effective as conventional detention ponds for ﬂooding
events. Therefore, LID approaches cannot completely substitute for
the conventional urban drainage systems to control storm runoff. In
order to provide control for an entire spectrum of storm events, a
more effective strategy would be to incorporate LID approaches
into the conventional drainage system (Damodaram et al., 2008;
Guo, 2010). Although the LID performance on reducing runoff
volumes and peak ﬂow rates has been extensively investigated, few
studies have attempted to evaluate the effects of LID designs on
urban ﬂooding in a conventional urban drainage system, i.e., how a
LID design can affect the performance of urban drainage systems. In
addition, research has shown that rainfall characteristics (e.g., total
amount, duration and location of intensity peak) have signiﬁcant
effects on ﬂood risk management of conventional drainage systems
(e.g., Fu et al., 2011; Hvitved-Jacobsen and Yousef, 1988). However,
to date, a holistic evaluation of LID designs under a variety of
rainfall amounts, rainfall durations and locations of peak rainfall
intensity have not been studied regarding urban ﬂooding.
This paper focuses on analyzing the performance of an urban
drainage system in an urbanizing area of Shenzhen, China, where
some LID practices are designed to reduce urban ﬂooding. The
performance of the urban drainage system is measured by ﬂood
volume, which is deﬁned as the total ﬂood volume from the con-
ventional drainage system during a storm event. Using a simulation
model, this paper aims to (1) characterize effects of three typical LID
designs (swales, permeable pavements and green roofs) on ﬂood
volume; and (2) investigate ﬂood volume reduction under storm
events with different rainfall amounts, rainfall durations and loca-
tions of peak rainfall intensity. A simple method based on the water
balance theory is developed to provide a theoretical understanding
of the simulation results, i.e., to explain the impacts of various LID
designs on ﬂood reduction under different rainfall characteristics.
This study provides an overall evaluation of LID effects on urban
ﬂooding and can support decision making in urban ﬂood control by
integrating LID designs in a conventional drainage system.
The paper is organized as follows. Section 2 describes the
hydrological model, design scenarios and method for ﬂood
reduction estimation. In Section 3, sensitivity of LID design pa-
rameters, effects of various LID designs, and effects of different
rainfall characteristics on urban ﬂooding are presented and dis-
cussed. And ﬁnally conclusions are drawn in Section 4.2 Material
and methods.
2. Material and methods
2.1. Study area
The study catchment is located in the southwest of Guang-Ming
New District (GMND), which is a newly established district of
Shenzhen, southeast China (Fig. 1). GMND has a total area of
156 km2 and a population of 0.8 million. The study catchment has a
drainage area of 0.60 km2, and is largely covered by Quaternary
loose deposits. The soil is mainly sandy gravel with silty clay, mucky
soil and silt. The groundwater level in this area is around 2e14 m
below the surface. The study area had been a rural area with 90% of
pervious land-use before a high speed rail stationwas built in 2011.
According to the local urban planning, the percentage of land uses
for residence, high-tech industry, open green, commerce and the
rail station (including its service area) will be 28.1%, 9.7%, 12.2%,
42.6% and 7.4% by 2020, respectively.
The study area has a mild, subtropical maritime climate with a
mean annual temperature of 22.4  C andmean annual precipitation
of 1933 mm, 85e90% of which falls from April to September.
Shenzhen frequently suffers from heavy storms during the typhoon
season from June to August. In recent years, with the rapid ur-
banization, impervious land cover has substantially increased and
caused more surface runoff, faster runoff concentration and higher
peak ﬂow rate, while the drainage facilities have not been upgraded
correspondingly. Urban ﬂooding has become one of the most
frequently occurred hazards in Shenzhen. According to the local
drainage system planning (Urban Planning & Design Institute of
Shenzhen, 2008), the pipe drainage system will be designed to
have a capacity to drain the surface runoff from a design stormwith
a 2-year return period. However, the surface runoff from a heavier
storm may exceed the drainage capacity, and cause ﬂooding in
some low-lying areas. To resist the runoff from heavier storms, LID
has been promoted in GMND, and some LID practices such as
swales, permeable pavements and green roofs will be applied for
the ﬁrst time in the study area.
Fig. 1. Planned land uses of the study area.
H.-p. Qin et al. / Journal of Environmental Management xxx (2013) 1e92
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132
133
134
135
136
137
138
139
140
141
142
143
144
145
146
147
148
149
150
151
152
153
154
155
156
157
158
159
160
161
162
163
164
165
166
167
168
169
170
171
172
173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190
191
192
193
194
195
196
197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213
214
215
216
217
218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
YJEMA3919_proof ■ 29 August 2013 ■ 2/9
Please cite this article in press as: Qin, H.-p., et al., The effects of low impact development on urban ﬂooding under different rainfall
characteristics, Journal of Environmental Management (2013), http://dx.doi.org/10.1016/j.jenvman.2013.08.026
2.2. Hydrologic model
The US EPA Storm Water Management Model (SWMM)
(Rossman, 2010) is chosen to evaluate the effects of LID on ﬂood
reduction in the study. SWMM consists of a dynamic rainfall-runoff
module and a hydraulic module for piped systems, and is used for
simulation of runoff quantity and quality from primarily urban
areas. The current version (5.0.022) provides a LID controls module,
and it can explicitly model the hydrologic performance of typical
LID controls. In the model, LID controls are represented by a com-
bination of vertical layers whose properties (such as thickness, void
volume, hydraulic conductivity, underdrain characteristics, etc.) are
deﬁned on a per-unit-area basis. These LID controls can then be
placed within selected sub-catchments at any desired sizes (or
areal coverage). The SWMM model has been widely used to eval-
uate the effects of stormwater management based on conventional
drainage systems (Zoppou, 2001) or LID designs (Elliot and
Trowsdale, 2007). The study area before development is simpli-
ﬁed to 11 sub-catchments and 10 junctions for simulation. A
nonlinear reservoir approach is used to simulate the rainfall-runoff
process, which includes inﬁltration, depression storage, evapora-
tion and surface runoff. The inﬁltration losses are estimated using
the Horton equation. Since there had been no hydrological moni-
toring at the study area prior to development, a temporary moni-
toring sitewas installed for this study at the outlet of the catchment
to measure water level and stream ﬂow during rainfall events
(Fig. 1). The water levels were automatically recorded by Onset’s
HOBOWater Level Logger (U20-001-02) at an interval of 5 min. The
ﬂow ratesweremeasured by a handheld SonTek FlowTracker! at an
interval of 15e20 min for rising ﬂows and at an interval of 30e
60 min for receding ﬂows. Rainfall data were recorded by an
automated gauge (1-min interval) at Guangming rainfall moni-
toring station operated by Shenzhen Meteorology Bureau.
The catchment model was calibrated and validated against data
measured of 2010 before development. Speciﬁcally, a rainfall event
on 26th June 2010 was used for calibration (See Fig. 2a). The Root
Mean Square Error (RMSE) is used as a goodness-of-ﬁt measure to
select the optimal parameter values and descried as below:
RMSE ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Xn
i¼1
"
Qpi # Qti
#2
=n
vuut (1)
where Qpi and Qti are the simulated and measured ﬂows at time
step i, and n is the total number of time steps. The values of some
calibrated parameters are shown in Table 1 and the relevant RMSE
is 0.021. Fig. 2a shows a good agreement between the measured
and calculated ﬂow rates.
The rainfall event of 5th August 2010 was used for the model
validation. The comparison between measured and calculated ﬂow
rates during the rainfall event indicates that RMSE is 0.084, the
relative errors of ﬂows range from 1% to 10%, the relative error of
peak ﬂow is 6.7%, and the relative error of time to reach the peak
ﬂow is 0% (Fig. 2b). The validation results indicate that the SWMM
model has a good representation of the storm runoff processes in
the study area.
2.3. Design scenarios
Four design scenarios were proposed according to the local
planning of drainage system (Urban Planning & Design Institute of
Shenzhen, 2008): base case, swale scenario, permeable pavement
scenario and green roof scenario. The four scenarios were designed
tomeet the cost budget and land development requirements. These
scenarios are described below.
In the base case, a conventional drainage system will be con-
structed and no LID designs will be considered in the study area.
The drainage system has the capacity to resist the storm event with
a 2-year return period. In this case, the study area is simpliﬁed to 25
sub-catchments, 71 pipes, 11 man-made channels and 82 junctions
(Fig. 3). To reﬂect the changes in land uses of new developments,
the sub-catchments’ percentage imperviousness and width prop-
erties are adjusted in the simulation model according to the
development planning.
In the swale scenario, swale components will be laid out in
combination with the conventional drainage system designed in
the base case scenario. The swales consist of a vegetated layer, a soil
layer and a storage layer with underdrain. The swales are con-
structed at low lying green areas in each sub-catchment. And thus
the surface runoff from surrounding impervious areas can ﬂow into
and be stored in the swales before inﬁltration on site or entering
Fig. 2. Comparison between measured and calculated data.
Table 1
Model parameters and their values.
Land use
type
Manning’s roughness
coefﬁcient n (#)
The minimum and
maximum inﬁltration
rates fmin w fmax (mm$h
#1)
Depression
storage (mm)
Impermeable
surface
0.012 e 2.5
Wetland 0.35 5e15 20
Bare land 0.01 6e45 5
Green land 0.4e0.8 8e45 10e15
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the conventional drainage system via underdrains or overﬂow
components. According to the local urban planning and the appli-
cation conditions of swale components, we assumed that 10% of the
area of each sub-catchment will be set as swales in the study area
(Table 2).
In the permeable pavement scenario, both the conventional
drainage system and permeable pavements will be constructed in
the study area. A permeable pavement usually consists of a porous
pavement layer and a storage layer. There are two types of
permeable pavement considered: a) type I for sidewalks, parking
lots and squares that allows stormwater to be stored in the pore
space of the pavement and then slowly inﬁltrate into the under-
lying soil; b) type II for roadways that have compact underlying soil
with negligibly small water conductivity. Type II pavement is
installed with an underdrain system at the bottom of the storage
layer, and the surface runoff may inﬁltrate into the storage layer,
drain out via the underdrain system and ﬂow into the traditional
drainage system. According to the local urban planning and the
application conditions of permeable pavements, the permeable
pavement accounts for 80% of the area of sub-catchment S21 (40%
for Type I and 40% for Type II) and 20% of the other sub-catchment
areas (12% for Type I and 8% for Type II) (Table 2).
In the green roof scenario, both the traditional drainage system
and green roofs will be laid out in the study area. The green roofs
are designed to consist of a vegetated layer, a soil layer and a storage
layer with underdrain. The roof runoff can be stored in the green
roof before entering the conventional drainage system via under-
drains or overﬂow components. According to the local urban
planning and the application conditions of green roofs, green roofs
will be applied to 20% of the area of the sub-catchments for resi-
dential, industrial, commercial and education use (i.e., S1eS18 and
S22eS25) in the study area (Table 2).
The parameter values of LID designs are set according to the
recommendations by Rossman (2010) and Water conservation
ofﬁce of Shenzhen (2012). The values of some important parame-
ters are given in Table 3.
2.4. Design storms
In this study, the effects of LID onﬂooding fromdrainage systems
were investigated under various types of storm events. The storm
events can be designed according to the relationship of rainfall in-
tensityedurationefrequency in Shenzhen (Meteorological Bureau
of Shenzhen Municipality, 2007), which is described as below:
q ¼ 167% 9:194% 10#7 % ð1þ 0:460% lgTÞ=ðt þ 6:840Þ0:555
(2)
where, q is rainfall intensity (mm/s); t is rainfall duration (hour);
and T is return period (year). The Chicago storm proﬁle (Keifer and
Chu, 1957) is usually adopted in South China for urban drainage
design and thus was used in this study to generate runoff hydro-
graphs. Design storms are derived directly from the rainfall in-
tensityedurationefrequency equation and time-to-peak ratio r
(where 0 < r < 1), which is deﬁned as the ratio of the time before
the peak intensity to the total duration. The variable r describes the
location of peak rainfall intensity: the smaller r, the closer the peak
intensity to the rainfall starting time.
Three groups of storms were considered in the study. In Group I,
the storm events have different return periods (1-, 2-, 5-, 10-, 20-,
50-, and 100-year), and the corresponding total rainfall amounts
range from 75 to 144 mm. They all have the same rainfall duration
(2 h) and location of peak rainfall intensity (r ¼ 0.4) (Fig. 4a). In
Group II, the storm events have different rainfall durations (1-, 1.5-,
2-, 2.5-, 3-, 3.5-, and 4-h). They have the same rainfall amount
(109 mm) and location of peak intensity (r¼ 0.4) (Fig. 4b). In Group
III, the storm events have different time-to-peak ratio r (0.1, 0.2, 0.3,
0.4, 0.5, 0.6, 0.7, 0.8, and 0.9), and they have the same rainfall
amount (109 mm) and rainfall duration (2 h) (Fig. 4c). The aims of
Group I, Group II and Group III are to investigate how the perfor-
mance of LID designs in terms of urban ﬂooding is affected by
rainfall amount, rainfall duration and location of peak intensity,
respectively.
Fig. 3. Drainage system designed in the base case.
Table 2
Land uses of LID designs.
Sub-catchment
(land use type)
LID scenarios
Swale %
of total area
Permeable pavement Green roof %
of total area
Type I %
of total area
Type II %
of total area
S19eS20
(Rail station-
service area)
10% 12% 8% 0%
S21 (Rail station-
Parking lot)
10% 40% 40% 0%
S1eS18, S22eS25
(Other land usersa)
10% 12% 8% 20%
The whole catchment 10% 22% 15%
a Other land uses include residence, industry, open green, commerce and
administration.
Table 3
Parameter values of LID Designs.
Layer Parameter Unit Swale Permeable
pavement
Green
roof
Type I Type II
Surface Storage depth mm 150 e e 75
Manning’s roughness
coefﬁcient n
0.032 0.014 0. 014 e
Pavement Thickness mm e 100 100 e
Void ratio e 0.2 0.2 e
Permeability mm/h e 360 360 e
Soil Thickness mm 300 e e 150
Porosity 0.437 e e 0.437
Field capacity 0.105 e e 0.1
Wilting point 0.047 e e 0.024
Conductivity K mm/h 30 e e 120
Conductivity slope 6 e e 5
Suction head J mm 61 e e 50
Storage Height mm 300 150 150 75
Void ratio 0.5 0.5 0.5 0.5
Conductivity mm/h 6 1.2 0 0
Under
drain
Drain coefﬁcient e e 0.682 1.01
Drain exponent e e 0.5 0.5
Drain offset height mm e e 0 60
Effective storage deptha mm 348.6 66.5 66.5 150.3
a Effective storage depth is estimated by equation (7) or (8).
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2.5. Method for ﬂood reduction estimation
In addition to SWMM, a simple method based on the water
balance theory is developed to provide a theoretical understanding
on the likely trends of ﬂood reduction due to various LID designs.
Firstly, the ﬂooding in the base case scenario is considered. It is
assumed that t0, t1, t2 and t3 are the time when rainfall begins,
ﬂooding begins, ﬂooding ends and rainfall ends, respectively
(Fig. 4a). And the water balance during the period of ﬂooding (from
t1 to t2) can be expressed as:
O12 ¼ R12 # D12 # I12 (3)
where, O12, R12, D12, I12 is the total volume of ﬂood from pipe sys-
tems (overﬂow from manholes), rainfall, discharge via drainage
pipes and water inﬁltration into underlying soil during the period
of ﬂooding (from t1 to t2). R12 can be further expressed as:
R12 ¼ R02 # R01 ¼ ðR03 # R23Þ # R01 (4)
where, R01 and R02 is the accumulative rainfall amount until the
beginning of ﬂooding (from t0 to t1) and until the end of ﬂooding
(from t0 to t2), respectively; R03 and R23 is the total event rainfall
amount and the rainfall amount from t2 to t3, respectively (Fig. 4). In
addition, since the ﬂow in the drainage pipes becomes full pipe
ﬂow during the period of ﬂooding, D12 can be estimated by:
D12 ¼ Qfull
*ðt2 # t1Þ (5)
whereQfull is the discharge rate of full pipe ﬂow. Moreover, it can be
assumed that the soil becomes saturated and its inﬁltration rate
remains stable during the period of ﬂooding. And thus I12 can be
estimated by:
I12 ¼ f
*
0 ðt2 # t1Þ (6)
where f0 is the saturated inﬁltration rate.
Secondly, ﬂood reduction due to LID designs is considered.
Generally, LID designs can reduce ﬂooding due to their capacity to
store surface runoff in a sub-catchment. LID may have more ca-
pacity due to water inﬁltration into the underlying soil. The un-
derlying soil is usually saturated during the period of ﬂooding and
the inﬁltration rate of LID designs is approximate to the saturated
inﬁltration rate (f0). However, f0 is normally much less than the
rainfall intensity in the period of ﬂooding, thus the inﬁltration ca-
pacity is regarded as having a minor effect on ﬂood reduction.
To understand the effects of various LID designs on ﬂood
reduction, the concept of effective storage depth Se is deﬁned for
the three LID designs:
Table 3 shows different values of Se for the three LID design
scenarios. Furthermore, a LID design’s own area and its drainage
area are represented by P1% and P2%, respectively. When P2 is
greater than P1 a LID design (e.g., swale) is able to deal with the
excess runoff from its surrounding areas. Generally, a LID design is
saturated when the accumulative rainfall amount is greater than
Rc ¼ Se % P1/P2. Compared with the ﬂood volume in the base case,
the ﬂood reduction (Or) under various LID scenarios can be esti-
mated by the following method:
i) If Rc < R01, a LID design can store some initial stormwater, but
its storage capacity becomes saturated before ﬂooding starts.
Therefore, the ﬂood reduction is small and can be estimated
using
Or ¼ f0 % ðt2 # t1Þ % P1% (9)
ii) If R01< Rc< R02, the storage capacity of a LID design is not yet
saturated when ﬂooding starts; however, it becomes satu-
rated before ﬂooding ends. Therefore, the storage capacity
has an effect on reducing ﬂood volume, which can be esti-
mated using
Fig. 4. Design storms for scenario analysis.
Se for swale and green roof ¼ Storage depth of surface layerþ Thickness of soil layer
*ðporosity# field capacityÞ
þHeight of storage layer*voids=ðvoidsþ solidsÞ (7)
Se for permeable pavement ¼ Thickness of pavement layer
*voids=ðvoidsþ solidsÞ
þ Height of storage layer*voids=ðvoidsþ solidsÞ (8)
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Or ¼ ðRc # R01Þ % P1% (10)
iii) Rc > R02, the storage capacity of a LID design is not yet satu-
rated even when ﬂooding ends. Therefore, the ﬂood volume
reduction can be estimated using
Or ¼ ðR02 # R01Þ % P1% (11)
3. Results and discussion
3.1. Sensitivity of LID design parameters
Before characterizing the effects of LID designs on reducing
ﬂood volume, a sensitivity analysis is used to identify the important
design parameters in each LID design scenario. The analysis was
carried out by assuming a 50% increase in one parameter while
others were ﬁxed under a storm event with a 50 yr return period,
2 h rainfall duration and r ¼ 0.4. The results indicate that the ﬂood
volume has different sensitivities to different LID parameters
(Table 4).
Under the swale scenario, ﬂood volume decreases 14.4%, 1.1%
and 6.3%, respectively, with a 50% increase in storage depth of
surface layer, thickness of soil layer and conductivity of soil layer.
Therefore, storage depth is the most sensitive parameter for ﬂood
reduction. In addition, because the water storage capacity of stor-
age layer with the initial design values is not fully utilized during
the storm event, ﬂood volume has no change with an increased
height, void ratio and conductivity of storage layer.
Under the permeable pavement scenario, ﬂood volume is
reduced by 16.9%, 14.2%, 20.1%, 20% and 1% respectively, with a 50%
increase in thickness, void ratio of pavement layer, height, void
ratio and conductivity of storage layer, and thus ﬂood reduction is
sensitive to the former four parameters. In addition, since the
design permeability of pavement layer (360 mm/h) is much higher
than the rainfall intensity and all the rainfall can permeate through
the pavement layer, the ﬂood volume is not sensitive to the
increasing permeability.
Under the green roof scenario, ﬂood volume slightly decreases
with an increase in thickness of soil layer, height and void ratio of
storage layer. However, because the water storage capacity of sur-
face layer with the initial design values is not full during the storm
event, ﬂood volume has no change with an increased storage depth
of surface layer. In addition, ﬂood volume slightly increases with
the change in conductivity of soil layer. This is because a higher
conductivity causes more inﬁltration into the storage layer, and
results inmore ﬂow entering the underdrain system and traditional
drainage system.
3.2. Flooding in the base case
Flooding from the drainage system in the base case scenario is
investigated under various storm events. The simulation results
indicate that 1) for Group I storm events, ﬂooding occurs when
rainfall amount is greater than 85 mm, and total ﬂood volume
exponentially increases as the rise of rainfall amount (Fig. 5a); 2) for
Group II storm events, total ﬂood volume exponentially decreases
as the rise of rainfall duration, and no ﬂooding takes place when
rainfall duration is longer than 3.5 h (Fig. 5b); 3) for Group III storm
events, ﬂood volume initially rises and then declines slowly as
time-to-peak ratio (r) increases, and it reaches the peak value when
r ¼ 0.8 (Fig. 5c).
The trends of total ﬂood volume can be explained by the effects
of change in rainfall intensity according to Equations (3) and (4).
Generally, R01 decreases as rainfall intensity increases in the initial
period of the storm event (from t0 to t1), and vice versa. R02 in-
creases with the increase of the event rainfall amount. And for the
storm events with ﬁxed rainfall amount (R03), R23 decreases and
thus R02 increases with the increase of the rainfall intensity in the
later period of the event (from t2 to t3), and vice versa.
According to the above-mentioned deduction, for Group I storm
events, the increase of rainfall amountwithin 2 h causes an increase
of rainfall intensity, resulting in decreased R01 and increased R02,
and consequently increased R12 (Fig. 6a). Although D12 and I12 in-
crease with the increase of rainfall amount, the increase is much
less than the increase of R12. Thus, ﬂood volume (O12) increases
with the increase of rainfall amount.
For Group II storm events, the increase of rainfall duration
causes a decrease of rainfall intensity, resulting in increased R01 and
decreased R02, and consequently decreased R12 (Fig. 6b). Although
D12 and I12 decrease with the increase of rainfall duration, the
decrease is much less than the decrease of R12. Thus, ﬂood volume
(O12) decreases with the increase of rainfall duration.
For Group III storm events, the increase of r causes a decrease of
rainfall intensity in the initial period of the storm event, and it also
causes an increase of rainfall intensity in the later period of the
storm event, resulting in increased R01 and R02 (Fig. 6c). In this
study, with the increase of r, the increase of R02 is more than the
increase of R01 when r < 0.8, resulting in an increase in R12; while
the increase of R02 is less than the increase of R01 when r > 0.8,
resulting in a decrease in R12. Furthermore, D12 and I12 have little
change as r increases. Thus, ﬂood volume (O12) initially rises and
then declines slowly with the increase of r.
3.3. Effects of different rainfall amounts
The effect of LID designs on ﬂood volume is investigated by
comparing the base case with various LID scenarios. And the effect
can be measured by an indicator, ﬂood reduction, which is deﬁned
as the difference in total ﬂood volume during a storm event be-
tween the base case and a LID scenario. The effect in Group I storm
events with different rainfall amounts is ﬁrst evaluated, and results
obtained are shown in Fig. 7.
The results indicate that ﬂooding occurs when rainfall amount is
greater than 85mm,100mm and 100mm for the swale, permeable
pavement and green roof scenarios, respectively (Fig. 5a).
Furthermore, the following points can be observed from Fig. 7a: 1)
Table 4
Sensitivity of ﬂood volume to LID parameters.
Parameter Flood volume (103m3) (increase %)
Swale Permeable
pavement
Green
roof
Initial design 6.674 3.041 3.608
Storage depth of surface
layer
5.716 (#14.35%) 3.608
(0%)
Thickness of pavement
layer
e 2.527 (#16.90%) e
Void ratio of pavement
layer
e 2.610 (#14.17%) e
Permeability of pavement
layer
e 3.041 (0%) e
Thickness of soil layer 6.601 (#1.09%) e 3.603
(#0.14%)
Conductivity of soil layer 6.253 (#6.31%) e 3.641
(0.91%)
Height of storage layer 6.674 (0%) 2.430 (#20.09%) 3.603
(#0.14%)
Void ratio of storage layer 6.674 (0%) 2.433 (#19.99%) 3.603
(#0.14%)
Conductivity of storage layer 6.674 (0%) 3.010 (#1.02%) e
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under the swale scenario, ﬂood reduction is small and slightly in-
creases with increasing rainfall amount; 2) under the permeable
pavement scenario, ﬂood reduction gradually increases with
increasing rainfall amount, and the reduction reaches stable when
rainfall amount increases to 134 mm; 3) under the green roof
scenario, ﬂood reduction continuously increases with increasing
rainfall amount. The effects of LID designs on ﬂood reduction under
different event rainfall amounts can be explained according to the
method proposed in Section 2.5:
(1) In the swale scenario, a swale design has an effective storage
depth of 350 mm. However, the storage capacity of the swale
component is saturated when the accumulative rainfall
amount is greater than Rc ¼ Se % P1/P2 ¼ 35 mm because the
swale receives stormwater from the entire sub-catchment (P1/
P2 ¼ 1/10). It is possible that Rc < R01 for all the Group I storm
events in Fig. 6a. And thus ﬂood reduction in the swale scenario
is estimated using Equation (9), resulting in a slight increase
with increasing rainfall amount.
(2) In the permeable pavement scenario, a permeable pavement
design has an effective storage depth (Se) of 66 mm. Since the
LID design only receives stormwater from the pavement, P1/
P2 ¼ 1. It is possible that Rc > R02 when rainfall amount is less
than 134 mm, and then R01 < Rc < R02 when rainfall amount
continues to increase (Fig. 6a). Thus ﬂood reduction is esti-
mated using Equation (11) when rainfall amount is less than
134 mm and then is estimated using Equation (10). Fig. 7a
clearly shows ﬂood reduction ﬁrstly increases with increasing
in rainfall amount and the levels off after the rainfall amount of
134 mm.
(3) In the green scenario, a green roof design has an effective
storage depth (Se) of 150 mm. Since the LID design only
receives stormwater from the roofs, i.e., P1/P2 ¼ 1. Recall that
the 2-h storm amount with a 100 year return period is 145mm.
This means Rc > R02 for the Group I storm events (Fig. 6a). And
thus ﬂood reduction can be estimated using Equation (11) and
continuously increases with decreasing R01 and increasing R02.
3.4. Effects of different rainfall durations
The effects of LID designs on reduction of ﬂood volume in Group
II storm events with different rainfall durations are shown in
Fig. 7b. The results indicate that ﬂooding occurs when rainfall
duration is shorter than 3.5 h, 2.5 h and 2.5 h for the swale,
permeable pavement and green roof scenarios, respectively. In
general, LID scenarios are more effective in ﬂood reduction during
shorter storm events. Furthermore, ﬂood reduction in the perme-
able pavement scenario is more than that in the green roof swale
scenarios. Flood reduction of LID scenarios under different event
rainfall durations are explained below:
(1) For the swale scenario, it is possible that R01 < Rc < R02 when
rainfall duration is shorter than 2 h, and then Rc < R01 when
rainfall duration continues to increase (Fig. 6b). And thus ﬂood
reduction is estimated ﬁrst using Equation (10) and it decreases
with increasing rainfall duration when the rainfall duration is
shorter than 2 h, and then the LID design has little effect on
ﬂood volume when rainfall duration continues to increase.
(2) For the permeable pavement green roof scenarios, it is possible
that Rc > R02 (Fig. 6b). And thus ﬂood reduction is estimated
using Equation (11) and it decreases with increasing rainfall
duration. However, when rainfall duration is longer than 3.5 h,
no ﬂooding occurs, and then the LID designs have little effect
R01, R02
Rc1=35mm
Rc2=66mm
Rc3=150mm
134mm
R01
R02
Rainfall amount
R01, R02
Rc1=35mm
Rc2=66mm
Rc3=150mm
2 hr 3.5hr
R01
R02
Rainfall duration
R01, R02
Rc1=35mm
Rc2=66mm
Rc3=150mm
0.4 0.5
R01
R02
Location of peak rainfall intensity
0.2
a) b) c)
Fig. 6. Accumulative rainfall amounts when ﬂooding begins (R01) and ends (R02).
Fig. 5. Flood volume under different rainfall characteristics.
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on ﬂood volume when rainfall duration continues to increase.
Furthermore, the permeable pavement scenario has more P1%
and thus has more ﬂood volume reduction than the other two
LID scenarios.
3.5. Effects of different locations of peak rainfall intensity
The effects of LID designs on reduction of ﬂood volume under
the Group III storm events with different locations of peak rainfall
intensity (r) are shown in Fig. 7c. The results indicate that 1) under
the swale scenario, with increasing r from 0.1 to 0.9, ﬂood reduction
initially increases when r < 0.2, decreases when 0.2 < r < 0.5 and
then keeps stable; 2) under the permeable pavement scenario, with
increasing r, ﬂood reduction initially increases and then decreases
when r > 0.5; 3) under the green roof scenario, with increasing r,
ﬂood reduction gradually increases and then slightly decreases
when r > 0.5. Flood reduction of LID scenarios under different
values of r are explained below:
(1) For the swale scenario, it is possible that Rc > R02 when r is less
than 0.2, R01 < Rc < R02 when 0.2 < r < 0.5, and then Rc < R01
when r continues to increase (Fig. 6c). And thus when r < 0.2,
ﬂood reduction is estimated using Equation (11) and increases
with increasing r; when 0.2 < r < 0.5, ﬂood reduction is esti-
mated using Equation (10) and decreases with increasing r;
when r > 0.5, ﬂood reduction keeps at a low value.
(2) For the permeable pavement scenario, it is possible that
Rc > R02when r is less than 0.5, and then R01 < Rc < R02when r
continues to increase. And thus when r< 0.5, ﬂood reduction is
estimated using Equation (11) and increases with increasing r;
when r > 0.5, ﬂood reduction is estimated using Equation (10)
and decreases with increasing r.
(3) For the green scenario, because Rc > R02, ﬂood reduction is
estimated using Equation (11), and it gradually increases and
then slightly decreases with increasing r.
4. Conclusions
The paper analyzes the impacts of LID designs on urban ﬂooding
in an urbanizing catchment in China, where various LID designs are
considered in combinationwith a conventional drainage system for
stormwater management. The main results obtained are summa-
rized below.
The performance of LID designs is substantially affected by their
structures and properties, e.g., the percentage of the area installed
with LID components (P1%), the percentage of the drainage area of
the LID components (P2%) and the effective storage capacity (Se).
The swale scenario has the least impact on ﬂood reduction.
Although it has the most effective storage capacity (348.6 mm), it
has the smallest area of land use (10%). Its drainage area includes
not only the area taken by swale components but also the sur-
rounding drainage area, and thus actually its storage capacity is
saturated when the accumulated rainfall is more than 35 mm. The
permeable pavement scenario has the most impact on ﬂood
reduction inmost storm events. This is explained by the largest area
(22%) although it has the least effective storage capacity (66.5 mm).
The green roof scenario has an effective storage depth of 150.3 mm,
which is enough to store all the stormwater in most storm events.
And thus it is the most effective design to reduce ﬂood volume for
all the design storm events considered in the study. Compared to
swale design, permeable pavement and green roof designs are
more effective in ﬂood reduction and thus recommended for urban
ﬂood control.
All the three LID designs are more effective in ﬂood reduction
during the heavier and shorter rainfall events. It is necessary to
combine the LID designs with the conventional ﬂood control
measures to mitigate the risk of urban ﬂooding due to heavier and
longer storms. Furthermore, with a varying location of peak rainfall
intensity, ﬂood reduction under the three LID scenarios has
different variation trends: the swales perform better in a storm
event with an early peak intensity; the permeable pavements
perform better in a storm event with a middle peak intensity; and
the green roofs perform better in a storm event with a late peak
intensity. Therefore, a combination of various LID techniques would
be more effective than a single LID technique for urban ﬂood con-
trol considering the entire spectrum of storm events.
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